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StressThe serine/threonine kinase LKB1 is a master kinase that regulates a number of critical events such as cell
transformation, polarization, development, stress response, and energy metabolism in metazoa. After multi-
ple unsuccessful attempts of generating Dictyostelium lkb1-null cells, an RNAi-based knockdown approach
proved effective. Depletion of lkb1 with a knockdown construct displayed severe reduction in prespore cell
differentiation and precocious induction of prestalk cells, which were reminiscent of cells lacking GSK3. Sim-
ilar to gsk3− cells, lkb1 depleted cells displayed lower GSK3 activity than wild type cells during development
and compromised cAMP-mediated inhibition of the DIF-1 mediated ecmB induction. In response to stress in-
sult, the kinase activity of LKB1, but not that of GSK3, increased. Therefore, LKB1 positively functions at the
upstream of GSK3 during development and responds to stress insults independently from GSK3.
Published by Elsevier Inc.Introduction
LKB1 is a multi-tasking kinase that orchestrates metabolism, cell
structure, and development (Alessi et al., 2006). Mis-regulation of
LKB1 could lead to aberrant cell growth known as Peutz–Jegher's Syn-
drome. In multiple cases, LKB1 forms a heterotrimeric complex with
the pseudokinase STRAD and the armadillo repeat scaffolding like pro-
tein MO25. This complex seems to be critical for coordinating epithelial
polarization and energy stress induced 5′AMP-activated protein kinase
(AMPK) activation (Baas et al., 2004; Lee et al., 2007). The major down-
stream effector of LKB1 in response to energy stress is the TSC2/TSC1
complex, which inhibits Rheb GTPase, a mTOR activator. Interestingly,
the GAP activity of TSC2 is maintained by the hierarchical phosphoryla-
tion of TSC by GSK3 and AMPK (Inoki and Guan, 2006), and is inhibited
by GSK3 inhibition (Inoki et al., 2006). Considering that LKB1 is a posi-
tive upstream regulator of TSC2, it is puzzling that LKB1 inhibits GSK3
during Xenopus embryogenesis (Ossipova et al., 2003). As such, it will
be important to further investigate the mechanisms of LKB1 action in
additional signaling contexts and model systems.
It has been suggested that Dictyostelium TOR Complex 1 (TORC1),
which is sensitive to Rapamycin, plays a role in growth (Lee et al.,
2005), but further studies are necessary to fully understand its func-
tion. Compromising TORC2 function displayed aberrant cell move-
ment (Lee et al., 2005) and that of AMPKα exhibited an aberrant
response to energy stress (Bokko et al., 2007). However, it is not
known if the mediated signaling pathway of LKB1 interacts withnc.that of GSK3 in Dictyostelium cells. GSK3 stimulates prespore cell dif-
ferentiation and inhibits that of the prestalk cell during development.
Dictyostelium GSK3 can either be activated or inhibited by phosphor-
ylation or de-phosphorylation of tyrosine 214 in response to cAMP
stimulation (Kim et al., 1999, 2002, 2011; Plyte et al., 1999).
In this paper, we investigated the role of Dictyostelium LKB1 by
using a RNAi mediated knockdown strategy. LKB1 was essential for
prespore cell induction, prestalk cell repression, and activation of
GSK3. Stress induced phosphorylation of AMPK at the threonine172
in the activation loop was also LKB1 dependent similar to higher eu-
karyotes. Therefore, LKB1 is regulating both development and the
energy/stress response not only in metazoans, but also in non-
metazoan organisms, such as Dictyostelium discoideum.Materials and methods
Dictyostelium culture, development, and stress experiments
Dictyostelium cells were cultured as described earlier (Kim et al.,
2002). Cells with selectionmarkerswere grownwith D3T supplemented
with either G418 (20 μg/ml to 80 μg/ml) or Blasticidin (5 μg/ml) as
required. Developments on solid substrata were performed on DB agar
plates (0.2 mM CaCl2, 2 mM MgCl2, 24 mM NaH2PO4.H2O, 4 mM
Na2HPO4.7H2O, and 14 g Agar/liter). For development in suspension cul-
ture, cells were starved for an hour, stimulated with 50 nM cAMP pulses
at 6 minute intervals for 4 h, and were further stimulated with 300 μM
cAMP and/or 100 nM DIF-1 as indicated.
Log phase cells werewashedwithDB buffer and insultedwith either
2 mM H2O2 for 15 min or 200 mM sorbitol for 10 min as indicated in
each experiment.
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Trizol reagent (Invitrogen Inc.) was used for the isolation of total
RNA, and each 10 μg of total RNAwas hybridizedwith different probes
(lkb1, ecmA, ecmB, cotB, pspA, and lkb1). Ig7was used for loading con-
trol. The lkb1 probe was prepared by using the forward primer (5′
ATGGAAGTTGAACAACAACCATC3′) and the reverse primer (5′CAATT
GGGTGCACTGGTAAACC3′). A Rediprime kit was used to radiolabel
the probe (Amersham, Inc.).
Cloning of lkb1 cDNA
lkb1 (Dictyostelium gene identiﬁcation number: DDB_G0279629)
cDNA was reverse transcribed from AX3 RNA at 45 °C with a OneStep
RT-PCR it (QIAGEN), run through a Micropure EZ ﬁlter (Millipore) for
enzyme removal, ampliﬁed byHotMaster-Taq DNA Polymerase (Eppen-
dorf) using the forward primer (5′ATGGAAGTTGAACAACAACCATC3′)
and the reverse primer (5′AAAACTTAATTAATGATACATTTTGAC3′), andA
B Dicty
Worm
D. me
Fig. 1. Dictyostelium LKB1. (A) The kinase domain of LKB1 (40–301 amino acids, underline
ortholog. The C-terminal part of lkb1 contains a number of homo-polymeric tracts and th
other lkb1 sequences, NP_650302.1 lkb1 isoform B (Drosophila melanogaster), CE27410
NP_001017839.1 (Danio rerio), and BAA76749.1 (Mus musculus), were aligned using MAFFcloned into the PCR2.1 vector. The cDNA clone, pTOPO-lkb1, was con-
ﬁrmed to have no mutation by sequencing.
Generation of T7-LKB1
The full-length lkb1 was excised from pTopo-lkb1 and subcloned
in-frame into the pCFC5 vector (Chen and Katz, 1998) under the con-
trol of Actin-15 promoter downstream to the T7 tag using the EcoRI
restriction site. To clone T7-lkb1 under the SP60/CotC promoter, the
SL-25 vector was linearized with SpeI and KpnI, and the T7-lkb1 insert
was obtained by BglII and XhoI digestion from pCFC5. Both the vector
and insert were treated with the Klenow enzyme and were puriﬁed
before ligation.
Antibodies, western, and immunoprecipitation
Anti-Rabbit T7 (MASMTGGQQMG) afﬁnity puriﬁed antibody
(1 μg/μl) was used to detect T7-tag (QED Biosciences Inc.). UnlessMouse
Human
lanogaster
Xenopus Fish
d) resides at the N-terminus, showing 60% of sequence similarity with C. elegans lkb1
us shows no signiﬁcant homology with metazoan lkb1. (B) Dictyostelium lkb1 and six
(Caenorhabditis elegans), AAH77243.1 (Xenopus laevis), AAH07981.1 (Homo sapiens),
T software, and the tree diagram generated by the Neighbor Joining method is shown.
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points with 1 ml of TTG buffer (TTG: 20 mM TrisCl (pH7.7), 1% Triton
X-100, 5% Glycerol, 0.15 M NaCl, 1 mM EDTA, 1 mM Sodium vana-
date, 40 μM ammonium molybdate) and with a protease inhibitor
cocktail (Roche Inc). Antibodies against phospho-AMPK (#2535),
Pan-RAS (Ab-3), GSK3 (4G-1E), and phospho-GSK3 (5G-2F) were
purchased from Cell Signaling Technology, CalBiochem, and Upstate
Biotechnology.
LKB kinase assay
Cells expressing T7-LKB1 were lysed at appropriate time points and
were incubatedwith 50 μl of ProteinA Sepharose and 2 μg of T7 antiseraBA
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Fig. 2. Dictyostelium LKB1 kinase activity increased during development. (A) Whole cell lysat
T7-LKB1 was immunoprecipitated with the anti-T7 antibody and subjected to the kinase a
expressed under the Actin-15 (0, 5, and 10 h) or CotC promoters (15, 20, and 25 h) in wild t
western blot. (C) Wild type cells with Actin15::T7-LKB1 were pulsed for 4 h and stimulated
hour of cAMP stimulation, LKB1 activity was increased to ~40%. Relative kinase activities w
for 4 h and stimulated with 200 nM DIF-1 as indicated. The relative LKB1 kinase activities w
DIF-1 stimulation.for 90 min at 4 °C. After immunoprecipitation with the T7 anti serum,
the immunocomplexes were washed twice with TTG buffer and two
more times with freshly made kinase buffer (20 mM TrisCl (pH 7.7)
and 10 mM MgCl2). Washed immunocomplexes were incubated at
30 °C for 20 min with 5 μM ATP, 10 μCi of γ32P-ATP, 10 μg of Myelin
Basic Protein (MBP), 20 mM TrisCl (pH 7.7), and 10 mM MgCl2. The
mixture was resolved on a SDS-PAGE gel and autoradiographed.
GSK3 kinase assay
Whole-cell lysates were prepared from cells either pulsed with
50 nM cAMP or with additional 4 h and 15 h of 300 μM cAMP treat-
ment. GSK3-speciﬁc kinase activities were determined by a peptide0 5 10 15 20 25 hr 
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ssay. (B) LKB1 kinase activities were measured throughout development. T7-LKB1 was
ype cells. LKB1 kinase activities are quantiﬁed after normalization of T7-LKB1 levels by
with 300 μM cAMP as indicated, and LKB1 kinase activities were measured. After an
ith standard errors are shown. (D) Wild type cells with Actin15::T7-LKB1 were pulsed
ith standard errors are shown. The LKB1 activity was increased ~30% after an hour of
354 S. Veeranki et al. / Developmental Biology 360 (2011) 351–357kinase assay (Plyte et al., 1999). GSK3 levels were normalized by
western blot analysis with the anti-GSK3 antibody 4G-1E. Mean
values of three independent experiments with standard deviations
are shown (Fig. 5A).
lkb1 RNAi strategy
The two PCR products encoding a partially redundant lkb1 se-
quence were ampliﬁed using the common forward primer (5′
CGCCGGAGATCTATGGAAGTTGAACAACAACCATC3′) and either the re-
verse primer (5′CGCGGAAGCTTCAATTGGGTGCACTGGTAAACC3′) or
(5′CGCCGGAAGCTTCTTTATCGAGATCATTTGGAAATT C3′). The two re-
verse primers included the HindIII sequence, and the forward primer
contained the BglII sequence. The two PCR products were ligated in
the tail-to-tail manner through the HindIII site and subcloned into
the TOPO vector using the BglII site. The ﬁnal ligation product was re-
leased with EcoRI and cloned into the pCFC5 vector under the Actin-15
promoter, and conﬁrmed by sequencing.
Results
Dictyostelium LKB1
A single Dictyostelium lkb1 was identiﬁed and characterized. lkb1
encodes a potential serine/threonine kinase of 66 kD. As shown in
Fig. 1A, the kinase domain of LKB1 showed 60% of sequence similarity
to Caenorhabditis elegans lkb1 ortholog par4. The C-terminal part of
the lkb1 contains a number of homo-polymeric tracts and thus
shows no signiﬁcant homology with metazoan lkb1. Seven lkb1 se-
quences across the phyla were aligned using MAFFT software andBA
20hC
lkb1-
RNAi
Wt
Fig. 3. LKB1 knockdown signiﬁcantly interfered development. (A) LKB1 knockdown strategy
gion of 817 base pairs, whereas the longer one (ac) contains extra 546 base pairs. The two P
promoter to produce the stem loop structure. (B) Total RNA samples prepared fromwild typ
with 50 nM cAMP and further stimulated with 300 μM cAMP for 4 or 14 h. Levels of lkb1 an
knockdown construct were plated on DB agar plates. lkb1 knockdown cells displayed delayed
wild-type like fruiting bodies were observed even at 56 h. Scale bars are 100 μm.the tree diagram was generated by the Neighbor Joining method
(Fig. 1B).
The full-length lkb1 tagged with T7 epitope (T7-LKB1) was con-
structed under the Actin 15 promoter and introduced into wild type
cells. The T7-LKB1 immunopuriﬁed from vegetative cells exhibited
autophosphorylation and a kinase activity toward Myelin Basic Pro-
tein (MBP) as an exogenous substrate (Fig. 2A). The level of Actin-15
promoter controlled LKB1 declined signiﬁcantly after the aggregation
stage, so to circumvent this problem, LKB1 was expressed under the
CotC promoter, and the CotC promoter was used for measuring LKB1
kinase activities after 15 h of development. LKB1 kinase activity was
increased up to four fold around 20 h of development (Fig. 2B).
To determine if LKB1 activity is regulated through cAMP or DIF-1,
the well-characterized morphogens of Dictyostelium development,
cells were pulsed with cAMP for 4 h to become differentiation compe-
tent, and then were subsequently stimulatedwith cAMP or DIF-1. In re-
sponse to both cAMP and DIF-1, LKB1 kinase activities were measured
after normalization by western blot analysis. The LKB1 kinase activity
remained relatively constant for 30 to 45 min post-stimulation. During
a prolonged lag period of 30 min, LKB1 kinase activity increased up to
30–40% (Figs. 2C and D), which contrasts from that of other cAMP re-
sponsive kinases such as ZAK1 and GSK3. The activity of these kinases
increased over 200% in 10 min of cAMP stimulation right after 4 h of
cAMP pulsing (Kim et al., 1999).
LKB1 regulates prespore gene expression
To determine the role of LKB1, lkb1 knockout constructs were gen-
erated. However, even after repeated attempts, it was not possible to
create cells lacking lkb1. As an alternative, an RNAi based knockdown
construct for lkb1 was generated (Fig. 3A). Cells with the lkb1lkb1
:lkb1-RNAi
4hr
300 μM cAMP
14hr
IG7
r 25hr 56hr
to inhibit LKB1 function. The shorter PCR fragment (ab) contains only the common re-
CR products were ligated in a tail-to-tail orientation and subcloned under the Actin-15
e cells or cells expressing the lkb1 knockdown construct (lkb1-RNAi) were pulsed for 4 h
d Ig7 were determined by northern blot. (C) Wild type cells or cells expressing the lkb1
aggregation and severely hampered development. Slugs were aberrantly small, and no
355S. Veeranki et al. / Developmental Biology 360 (2011) 351–357knockdown construct displayed near complete ablation of the lkb1
message, whereas the level of Ig7 control transcript was not affected
(Fig. 3B). When developed on starvation agar plates, lkb1 knockdown
cells exhibited severe developmental defects. Even after 56 h, no
wild-type like fruiting bodies were observed and only minute and
aberrantly shaped structures were observed (Fig. 3C).
lkb1 knockdown cells expressed little prespore differentiation
markers in suspension culture (Fig. 4A) and displayed ~20% of spores
compared to wild type cells when developed on solid substrata
(Fig. 4B). The lkb1 knockdown effect on the prespore/spore pathway
was, therefore, less stringent for cells on a solid surface where cell–
cell interaction could have played a role in assisting cells to generate
low levels of spores. In contrast, lkbs1 knockdown cells displayed
higher levels of prestalk markers ecmA and ecmB at 4 h of cAMP stim-
ulation in suspension than wild type cells (Fig. 4C).
LKB1 is necessary for GSK3 activation
Similar developmental aberrancies exhibited by lkb1 knockdown
and gsk3− cells invited an assay to compare GSK3 kinase activities be-
tween wild type and lkb1 knockdown cells. A GSK3 kinase assay using
a primed peptide substrate speciﬁc for GSK3 demonstrated that lkb1
knockdown cells were very inefﬁcient in activating GSK3 compared
to wild type cells during cAMP-driven development in suspension
culture (Fig. 5A). Consistent with the compromised GSK3 activation,
lkb1 knockdown cells displayed lower levels of tyrosine phosphoryla-
tion of GSK3 at Y214 (Fig. 5B).
To further corroborate that LKB1 functions upstream of GSK3, we
examined the cAMP-mediated inhibition of ecmB induction by DIF-
1, which was compromised in cells lacking GSK3 or its activatorA
:lkb1-
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Fig. 4. lkb1 knockdown severely altered prespore and prestalk differentiation. (A) Total RNA
scribed in Fig. 3B. Levels of prespore markers pspA and cotB in wild type cells and cells expre
pspA and cotB were not detected in cells expressing the lkb1-RNAi construct, whereas Ig7 tr
cells compared to wild type cells was determined by counting spores formed on nitrocellulos
with a standard error of 9. The *P value was less than 0.001, Student's t-test. (C) Levels of pr
struct were developed in suspension culture as described in (A), and their levels were comZAK1. As shown in Fig. 5C, prestalk cell marker ecmB was induced
by DIF-1 but was almost completely inhibited by cAMP addition in
wild type cells. In contrast, lkb1 knockdown cells persisted to express
the ecmB message in response to DIF-1 and cAMP treatments. With
reduced GSK3 activity and the compromised inhibition of DIF-1-
mediated ecmB induction by cAMP in lkb1 knockdown cells, it is likely
that LKB1 functions upstream of GSK3. It is currently not clear wheth-
er LKB1 and ZAK1 function in a single pathway or in parallel ones.LKB1 is activated by osmotic and oxidative stress insults
LKB1 is essential for the activation of AMPK in response to various
stresses in mammals (Shaw et al., 2004; Woods, et al., 2003). To de-
termine if LKB1 responds to stress signals, cells were insulted with
Sorbitol or hydrogen peroxide. Both types of stresses induced two-
fold LKB1 activation (Fig. 6A), which is in contrast to the previous
studies in mammalian cells showing only ~30% of a modest increase
(Woods et al., 2003). The well-studied LKB1 target AMPK displays
strong kinase activation in response to various stresses in mammalian
cells (Shaw et al., 2004; Woods et al., 2003). In response to osmotic or
oxidative stresses, Dictyostelium AMPKα similarly became phosphor-
ylated at Thr 172 of its activation loop in wild type cells, but not in
LKB1 knockdown cells (Fig. 6B). In contrast, stress-induced STATc ac-
tivation (Araki et al., 2003; Na et al., 2007), was not affected in lkb1
knockdown cells (Fig. 6B). Furthermore, LKB1 activation did not
lead to GSK3 activation under stress (Fig. 6B), even though LKB1
was necessary for GSK3 activation during development (Fig. 5).
Thus, it seems that LKB1 can choose two distinct downstream path-
ways, one with GSK3 and the other without.:lkb1-
RNAi
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300 μMcAMP 
14hr
- +- +
ecmA
ecmB
IG7
samples were prepared from wild type cells or from lkb1-RNAi cells as previously de-
ssing the lkb1-RNAi construct were determined by northern blot. The prespore markers
anscripts were not affected. (B) The relative efﬁciency in spore formation of lkb1-RNAi
e ﬁlters after 25 h. The mean efﬁciency of spore formation from lkb1-RNAi cells was 18%
estalk markers ecmA and ecmB in wild type cells or cells expressing the lkb1-RNAi con-
pared by northern blot analysis.
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Fig. 5. GSK3 is aberrantly regulated in lkb1 knockdown cells. (A) Wild type, lkb1 knockdown, and gsk3− cells were pulsed with 50 nM cAMP for 4 h, and then stimulated with
300 μM cAMP for 4 or 14 h as indicated. Whole cell lysates were prepared, and GSK3 kinase activities using the GSK3 speciﬁc phosphopeptide substrate were measured. Nonspeciﬁc
kinase activities from LiCl treated samples were subtracted from the total values (Kim et al., 1999). Cells with lkb1-RNAi displayed little GSK3 activation induced by cAMP treatment.
Relative values with standard errors are shown. *pb0.001 between wild type and gsk3− samples at time 0, Student's t-test. **pb0.002 between wild type and gsk3− samples stim-
ulated with cAMP for 4 h, Student's t-test. ***pb0.0001 between wild type and lkb1-RNAi samples stimulated with cAMP for 4 h, Student's t-test. (B) Western blot analysis of equiv-
alent protein samples in (A) using anti-phospho-T172-AMPKα, anti-phospho-Y214-GSK3, and anti-total-GSK3. Results revealed lower levels of phospho-T172-AMPKα and
phospho-Y214-GSK3 in lkb1 knockdown cells than in wild type cells. (C) Wild type or lkb1 knockdown cells were pulsed for 4 h and then incubated for four more hours in suspen-
sion culture with ligands as indicated. The induction of ecmB messages was analyzed by northern blot analysis.
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Recent studies showed that metazoan LKB1 is involved in a number
of cellular events such as the cell cycle, apoptosis, tumor suppression,
development, and energy metabolism. In contrast, the function of the
LKB1 ortholog outside the metazoan border has largely been unknown.
Although yeast has AMPK and AMPK activators Pak1p, Tos3p, and
Elm1p, they are likely functional homologues of mammalian CaM Ki-
nase (Hawley et al., 2005; Hong et al., 2003). Dictyostelium LKB1 not
only regulates AMPK and exhibits a high degree of sequence homology
to mammalian LKB1, but also mediates multicellular development
and stress responses. In addition to LKB1, Dictyostelium cells have
genes homologous to Mouse protein 25 (MO25, DDB0218587), CaM
Kinase (DDB0220010), AMPKα (snfA, DDB0215396), AMPKβ (prkab,
DDB0237814), and AMPKγ (prkag, DDB0237813). Components of
the mTOR signaling pathway such as TSC2 (DDB0233727), Rheb
(DDB0229441), and the TOR kinase complex (reviewed in Wullschleger
et al., 2006) were also found inDictyostelium. The presence of these sig-
naling components in Dictyostelium suggests that LKB1 would be cen-
tral in orchestrating development and energy metabolism beyond the
metazoan border. However, the mechanism of LKB1 mediated signal
transduction may show some divergence: no clear orthologs for meta-
zoan pseudokinase STRAD and TSC1 can be found in the Dictyostelium
genome.
Similar to LKB1, a single GSK3 exists inDictyostelium. GSK3 functions
as a cell fate regulator for Dictyostelium prespore/prestalk fate path-
ways. In response to cAMP stimulation, low afﬁnity receptor cAR3 and
cAR4 antagonistically regulate GSK3 through tyrosine kinases ZAK1/
ZAK2 and through a putative tyrosine phosphatase (Kim et al., 2002,
2011). Although they are somewhat similar, metazoan Wnt pathways
are distinct from Dictyostelium cAR/ZAK/GSK3 pathways. In the canoni-
cal Wnt pathway, Frizzled mediated signaling negatively regulates
GSK3, whereas in one of the non-canonical Wnt pathways of C. elegans,
the opposite is operating. LKB1 is reported to affect the canonical Wnt
pathway in Xenopus as a negative regulator of GSK3 (Ossipova et al.,
2003). It is, however, not clear if any ofWnt signaling pathways activate
LKB1 kinase activity to mediate GSK3 inhibition.
Dictyostelium lkb1 knockdown cells displayed several develop-
mental defects that are reminiscent of gsk3− cells. First, prespore
cell differentiation was interfered signiﬁcantly, and prestalk cells
were fully induced precociously. Second, GSK3 kinase activity and
phosphorylation of GSK3-Y214 were compromised. Third, the inhibi-
tion of DIF-1 induced ecmB expression by cAMP was compromised.
These data strongly indicate that LKB1 functions upstream of GSK3.
Further study will be necessary to determine how LKB1 functions
positively at the upstream of GSK3. A question of interest is whether
LKB1 interacts with PP2A/B56 and/or ZAK1/ZAK2.
lkb1 knockdown experiments also demonstrated that while LKB1 is
activated during development and stress insults (Figs. 5B and 6B), GSK3
is activated only during development (Fig. 6B). Thus, there exist at least
two distinct LKB1-mediated pathways, one mediating development,
and the other, stress. It will be important to understand how LKB1 func-
tions at the upstream of both AMPK and GSK3 during development, but
excludes GSK3 in response to stress. In addition to the LKB1-mediated
AMPK phosphorylation, which may inhibit protein synthesis and/or
chemotaxis through TOR complexes, stress insults activate the tran-
scription factor STATc to reorganize the Dictyostelium transcriptome tocope with the stress. Lkb1 knockdown cells displayed that STATc is nor-
mally activated by stress, underscoring the speciﬁcity of the Lkb1 knock-
down phenotype. It would not be unreasonable to speculate that
Dictyostelium LKB1 has additional functions besides what is described
in this paper. Such possibilities may include cell polarization and mor-
phogenesis during late development, in which LKB1 exhibits its maxi-
mal kinase activity.
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